Abstract The Kuiper belt includes tens of thousands of large bodies and millions of smaller objects. The main part of the belt objects is located in the annular zone between 39.4 au and 47.8 au from the Sun, the boundaries correspond to the average distances for orbital resonances 3:2 and 2:1 with the motion of Neptune. One-dimensional, two-dimensional, and discrete rings to model the total gravitational attraction of numerous belt objects are considered. The discrete rotating model most correctly reflects the real interaction of bodies in the Solar system. The masses of the model rings were determined within EPM2017-the new version of ephemerides of planets and the Moon at IAA RAS-by fitting spacecraft ranging observations. The total mass of the Kuiper belt was calculated as the sum of the masses of the 31 largest trans-neptunian objects directly included in the simultaneous integration and the estimated mass of the model of the discrete ring of TNO. The total mass is (1.97 ± 0.30) · 10 −2 m ⊕ . The gravitational influence of the Kuiper belt on Jupiter, Saturn, Uranus and Neptune exceeds at times the attraction of the hypothetical 9th planet with a mass of ∼ 10 m ⊕ at the distances assumed for it. It is necessary to take into account the gravitational influence of the Kuiper belt when processing observations, and only then to investigate residual discrepancies to discover a possible influence of a distant large planet. 
Introduction
The attention of researchers of the Solar system to the Kuiper belt has constantly increased in recent decades. Interest is connected with the discovery of new trans-Neptunian objects (TNOs) and the refinement of their distribution over distances and sizes. The belt shows a diverse structure of orbits evoking questions about its formation, the composition of the primary material, the early history of the Solar system. A more reliable account of the influence of the belt as a whole on the planets will also allow us to decide how to search a large planet for an alleged distant (Batygin and Brown 2016; Fienga et al. 2016; Folkner et al. 2016; Millholland and Laughlin 2017) .
The aim of the work is to obtain an estimate of the mass of the Kuiper Belt and to improve and refine the used dynamic model of the Solar system to derive exact ephemerides of the planets and more adequately take into account the influence of a large number of distant bodies concentrated behind the orbit of Neptune. It is necessary to take into account the gravitational attraction of trans-Neptunian objects (TNOs), primarily to the planets Neptune, Uranus, Saturn, closest to the Kuiper belt, due to the fact that the number of objects turned out to be large and the total mass according to statistical and dynamical estimates is much higher than the total mass of the asteroid belt. The influence of the gravitational attraction of the Kuiper belt on observations is shown and discussed in the new Section 6. Observations of the planets, mostly the high-precision observations of Cassini spacecraft obiting the Saturn, as well as the new version of the ephemerides of planets and the Moon -EPM2017 at IAA RAS were used for estimating the Kuiper belt mass.
Statistical estimates of the mass of the Kuiper Belt
Kuiper Belt objects are ice bodies that include frozen methane, ammonia, water, carbon dioxide surrounding stony internal parts. Therefore, the average density of the Kuiper belt objects is, as a rule, about 1.5-2 g/cm 3 . Kuiper belt objects (KBOs) are divided into three main dynamic classes by the characteristics of their orbits (Jewitt et al. 1998; Gladman 2002 ): classical objects, resonant objects and objects of the scattered disk.
Classic KBOs have near-circular orbits lying in the region of 40-50 au from the Sun and having relatively small eccentricities. These objects are not strongly affected by large planets, their orbits remain practically unchanged. They are the most numerous and constitute the main part of the population of the belt. The plane of the Kuiper belt defined by the classical objects with slopes |i| < 5 o coincides with the invariant plane of the Solar system (Elliot et al. 2005 ). The main Kuiper belt is located between the orbital resonances 3 : 2 and 2 : 1 with Neptune in the annular belt 39.4 au < A < 47.8 au (De Sanctis et al. 2001 ). In the distribution there is a so-called Kuiper Cliffa sharp drop of the number of classical objects after 50 au. More precisely, the number of objects larger than 40 km falls sharply (Jewitt et al. 1998, Trujillo and Brown 2001a; Gladman et al. 2001 ; Allen et al. 2002 ) at a distance of 48 au. That is, the outer boundary for the belt of classical objects is very sharp. It is assumed that perhaps it corresponds to the edge of the primordial protoplanetary cloud. There is compaction in the distribution ("kernel") with a concentration of orbits having semiaxes about a ∼ 44 au, eccentricities e ∼ 0.05 and slopes |i| < The most part of scattered objects having orbits stretching far beyond 50 au, (from a ∼ 90 au) and e ∼ 0.5−0.6 and more. The objects of the scattered disk are objects with large eccentricities and large slopes. The formation of such a structure of the belt is explained by perturbations from the planets and, first of all, from Neptune ( Levison and Morbidelli, 2003) .
The estimates of the number of objects of the Kuiper belt obtained by different authors are given in Table 1 . To obtain estimates of number of Kuiper belt objects (Table 1) and their masses (Table 2) , the authors make some evaluations of the geometric albedo, the parameters of the luminosity functions, and of the distributions of the KBO by size. The algorithms used by different authors have differences which can be seen in the corresponding papers.
It is seen from Table 1 that the number of large objects in the Kuiper belt is about or does not surpass ∼ 10 5 . Note that in the work (Pitjeva 2010) using dynamic estimates, it was shown that the number of objects with D = 100 km and a density of 2 g/cm 3 should also not exceed 10 5 . The first estimates of the mass of the Kuiper belt (Table 2) were obtained statistically. Statistical estimates vary widely and are based on different, not entirely reliable assumptions about the albedo and density of belt objects. Since there are very large uncertainties, the authors publish estimates of the masses without their uncertainty. It is seen from Table 2 that the mass of the Kuiper belt is within 0.01 -0.2 m ⊕ . (Table 2) at present give a value of 2-3 orders of magnitude less. Therefore, various processes are proposed for rapidly dispersing the primordial cloud.
Dynamic estimates of the mass of the Kuiper Belt
The population of the Kuiper belt occupies a large volume of outer space, which is very sparse. Nevertheless, the presence of the belt, which includes not only hundreds of thousands of large objects, but millions of bodies of smaller dimensions, leads to a noticeable gravitational effect on the motion of bodies in the Solar system, which must be correctly taken into account for modern accuracy of observations.
In order to obtain a dynamic estimate of the mass of the Kuiper belt, it was necessary to build a dynamical model of the Kuiper belt, include it together with planets in the total model for constructing EPM ephemerides, fit the created ephemerides to observations, and obtain a dynamic estimate of the Kuiper belt mass from observations.
Masses of large bodies of Kuiper belt objects with individual ratings
The Pluto-Charon system has always been regarded by us as a planet while constructing EPM ephemerides. The equations of motion of the other 30 largest TNOs were also directly included in the simultaneous integration with planets and other objects. Among these 31 large TNOs, there are 11 objects having satellites. In this case, their masses are fairly well known from the motion of satellites. Table 3 gives estimates of the masses of these bodies and, therefore, the most accurate masses (taken from astronomical data sites). The estimates of the masses in this table are given with an uncertainty equal to 1σ, where σ is the standard error of the least-squares method. For the remaining 20 objects (out of 31) the masses were calculated from their diameters and densities, these masses estimates are at much worse. The error for each such object, as well as their total mass error, is calculated with taking into account the error in the diameter, as well as the error in the density. Usually, different papers (up to 10) have been studied for the selection of the most reliable values. The average diameter was taken; the diameter uncertainty was taken maximal from available papers. If there were no density estimates, the density was assigned 2.0 g/cm 3 with the uncertainty of 1 g/cm 3 . The total mass of 31 individually valued large objects, including the Pluto / Charon system, is
The description of dynamic models for taking into account the gravitational influence of smaller TNOs is given in the next section, as well as the estimation of their masses.
Modeling by a one-dimensional and two-dimensional ring
The first dynamic estimates of the mass of TNOs in the Kuiper belt region were made in the paper of 2010 (Pitjeva 2010) based on ephemerides EPM2008. In that work, the gravitational effect of the aggregate of small or not yet discovered bodies of the Kuiper belt was modeled by a one-dimensional material ring with a radius of 43 au in the plane of the ecliptic. Later Kuiper belt mass estimates were made in a similar manner using ephemerides EPM2011 6 E. V. Pitjeva, N. P. Pitjev (Pitjeva 2013 ) and ephemeris EPM2013 (Pitjeva and Pitjev 2014). The results for EPM2008-EPM2013 are given in Table 4 . The total mass is the sum of the masses of the 31 largest TNOs and the estimated mass of the stimulated Kuiper ring. 
For a more accurate estimation of the total mass, a transition was made from the modeling of the general gravitational attraction of the smaller TNO by a one-dimensional ring (Ephemerides EPM2008-2015) to the modeling by a two-dimensional homogeneous ring with dimensions corresponding to the observed width of the main part of the belt. This is a more adequate representation because the most dense part of the Kuiper belt lays in an annular zone with a width of more than 8 au between the two main orbital resonances with Neptune 3:2 and 2:1 with the corresponding mean distances from the Sun ∼ 39.4 au and ∼ 47.8 au. It contains the bulk of the population of the Kuiper belt and includes classical objects and the largest number of resonant belt objects. A more accurate modeling of this component of the belt is essential for Neptune, Uranus and Saturn. Neptune's orbit passes relatively close to the inner boundary of the belt; and for Saturn, there are very accurate observational data of the Cassini spacecraft, which can be used to refine the gravitational influence of the belt. Since this region represents the most dense part of the belt and beyond its limits the number of objects falls significantly, then the distances are 39.4 au and 47.8 au were taken in our work as, respectively, the internal and external boundaries in our modeling by a two-dimensional ring and obtaining an estimate of the mass of the main part of the classical and resonant objects of the Kuiper belt.
The finding of the gravitational potential and its derivatives for a plane twodimensional homogeneous ring leads to expressions involving complete elliptic integrals of the 1st, 2nd, and 3rd kinds, the calculation of which was replaced by finding the values of the hypergeometric function of four arguments (Pitjeva and Pitjev 2014) . The estimates of the mass of the two-dimensional Kuiper ring and the total mass of the Kuiper belt obtained for ephemerides EPM2016 is presented in the last row of Table 4 .
From the test calculations (Table 5 ) it has been found that the effect of the two-dimensional ring is significantly different from that of the one-dimensional ring of same mass, especially on Uranus and Neptune. 
Discrete Rotating Model
The above mentioned models for the Kuiper belt have a disadvantage when taking into account the mutual influence of the planets on the belt, since the belt should move as a whole. Such movement does not correspond to the actual interaction of the planets and the moving bodies of the belt. To avoid this drawback, a new discrete rotating model was proposed with EPM2017.
The Kuiper belt was modeled by a system of point masses located in the plane of the ecliptic, at the initial moment in circular orbits. The point masses do not interact. Gravitational interaction occurs between each of these point masses and the Sun, planets and large asteroids. Initial conditions for the point masses were such that they are located uniformly on three circular lines. On two circles that corresponded to the boundaries of the "main" part of the belt (R 1 = 39.4 au and R 2 = 48.7 au), 40 points were located. The third circle corresponded to the position of the "core" of the belt (Bannister et al. 2016 ) (R m = 44 au) has 80 point masses, twice the number of border circles. The velocities of the points corresponded to a circular motion. The total mass of the model was a parameter that was determined while fitting ephemerides to the observational data of the spacecraft.
Planetary ephemerides EPM2015, EPM2016 and EPM2017
The results of the dynamical estimation of the mass of the Kuiper Belt in this paper were found using a discrete model of moving point masses and are based on the processing of observations for the latest version of the ephemerides EPM2017 (Ephemerides of Planets and the Moon) of the IAA RAS (Pitjeva and Pavlov 2017) .
EPM ephemerides contain coordinates and velocities of the Sun, the Moon, eight major planets, Pluto, three largest asteroids (Ceres, Pallas, Vesta) and 8 E. V. Pitjeva, N. P. Pitjev 4 TNO (Eris, Haumea, Makemake, Sedna), as well as lunar libration and TT-TDB. EPM2017 covers the timespan of more than 400 years (1787-2214). The dynamical model of EPM is based on the Parameterized Post-Newtonian N-body metric for General Relativity in the barycentric coordinate system (BCRS) and the TDB time scale. The motion of the Sun, the planets (including Pluto), and the Moon (as point-masses) obeys the Einstein-Infeld-Hoffmann relativistic equations, with additional perturbations from: solar oblateness, 301 largest asteroids and 30 largest trans-neptunian objects (TNO) EPM2017H ephemeris are the longer version of EPM2017, covering the timespan of more than 13100 years (10107 BC -AD 3036, H stands for Holocene) (Cionco and Pavlov 2018) . Within the EPM2017 timespan, EPM2017 and EPM2017H are practically equal with the only exception of the Moon. The dynamical model used during the production of EPM2017H differs in two pieces. First EPM2017H uses the model of the precession of the Earth valid over thousands of years (Vondrak, Capitaine and Wallace 2011). Second, the lunar model of EPM2017H does not have friction between crust and core, to avoid exponential growing of the angular velocity of the lunar core in the past. That decision is similar to what has been done for the DE431 ephemeris model as compared to DE430. The lunar parameters of the solution were then refitted to the EPM2017H model.
Lense-Thirring acceleration
The ephemeris EPM2017 takes into account the relativistic acceleration of Lense-Thirring: 
Relativistic barycenter definition
The relativistic barycenter of point-masses µ i , where µ i = GM i is the i-th body's gravitational parameter, is defined as
where r i is the position of the i-th body, while µ i * is the body's relativistic gravitational parameter:
Initial positions and velocities of the bodies are equally adjusted so that the position of center mass and the momentum are zero:
In previous versions of EPM, theμ * i was neglected. µ i * in the barycenter of the Solar system was firstly presented in (Fienga et al. 2008 ).
Control of the position of the barycenter was carried out taking into account the simulated rings of the Main Asteroid Belt and the Kuiper Belt. The position of the center of gravity of the Solar system, taking into account the Sun, planets, large asteroids and TNO, and discrete models for the Main Asteroid belt and the Kuiper Belt, remained practically at the origin of coordinates. However, numerical round-off errors in the integration cause the barycenter, initially placed at the origin, to drift at a slow pace. In the timespan of 1900-2020, the displacement of the barycenter from the origin is less than 0.03 mm.
Modeling the acceleration of the Sun as a regular body
In earlier versions of the EPM, the Sun was explicitly placed to keep the barycenter at the origin. In EPM2017, the Sun obeys the Einstein-InfeldHoffmann equations of motion as all the other bodies. Similar approach has been taken in DE ephemeris starting from DE430 ) and IN-POP ephemeris starting from the first release INPOP06 (Fienga et al. 2008 ). The perturbations from solar oblateness and Lense-Thirring effect act not only on planets, but on the Sun, too, following Newton's third law. The mutual influence of the asteroid belt and the Kuiper belt to the orbit of the Sun, neglected in previous versions of EPM, is properly taken into account in EPM2017.
Recent masses and orbits of some asteroids
Some asteroid data (orbits and masses) were updated. In particular, the new mass value was obtained during the approach of the Dawn spacecraft to Ceres ). The masses of 30 large asteroids (not including 13 double and multiple asteroids) were improved from observations of different spacecraft. Masses of other 255 asteroids were calculated from their diameters and densities.
Observations for EPM2017
New LLR data (till the end of 2016) was added into EPM2017 solutionmost notably, the new high quality infrared data from the OCA observatory (Viswanthan et al., 2016), (Courde et al., 2017) .
The planetary part of EPM2017 ephemerides has been fitted to about 800000 observations of different types, spanning 1913-2015, from classical meridian observations to modern planetary and spacecraft ranging. However, spacecraft ranging near planets are correlated with each other on each tracking pass, so there is effectively only one independent range point for each pass. Based on this, Dr. Folker (JPL) formed normal points of JPL spacecraft ranging; the normal points for other spacecraft ranging were formed by authors. Moreover, we deleted points where the Mercury-Sun-Earth angle was larger than 120 degrees due to solar plasma giving a large noisy effect, as Dr. Folker did with the MESSENGER data. I It is the filtr for Messenger. For Cassini only the 3-sigma criterion was used, i.e. several points were thrown out if their the value (0-C) exceeded the errors by a factor of 3.
The new radar data were obtained due to the courtesy of William Figure 1 and Figure 2 , the one-way residuals of Cassini and Messenger calculated for EPM2017 are shown.
As a result, the Mercury and Saturn ephemeris has become significantly more accurate than it was in EPM2013. The observations ranging of spacecraft located near planets and the Martian landers -Viking-1, Viking-2, Pathfinder have been used for estimating the mass of the Kuiper belt. The number of observations (for the Martian landers) and normal places, as well as intervals of these observations, are shown in Table 6 . The Cassini observations play an important role in the results obtained, although all observations of planets and spacecraft were used in the processing. The accuracy of modern optical CCD observations reaches tens of milliarc-seconds. The trajectory observations of spacecraft are much more accurateabout 20 meters at the distance of Saturn and 1-2 meters for Mars. For Uranus, optical observations cover an interval of slightly more than one revolution with acceptable accuracy of 0.5" and better , and for Neptune, slightly more than half of the total revolution around the Sun. From radar measurements, there is only two 3-D points, one for Uranus and one for Neptune, obtained during the flight of the Voyager-2 spacecraft.
The long Holocene version of ephemeris, EPM2017H
EPM2017H ephemeris are the longer version of EPM2017, covering the timespan of more than 13100 years (10107 BC -AD 3036, H stands for Holocene) (Cionco and Pavlov 2018) . Within the EPM2017 timespan, EPM2017 and EPM2017H are practically equal with the only exception of the Moon. The dynamical model used during the production of EPM2017H differs in two pieces. First EPM2017H uses the model of the precession of the Earth valid over thousands of years (Vondrak, Capitaine and Wallace 2011). Second, the lunar model of EPM2017H does not have friction between crust and core, to avoid exponential growing of the angular velocity of the lunar core in the past. That decision is similar to what has been done for the DE431 ephemeris model as compared to DE430. The lunar parameters of the solution were then refitted to the EPM2017H model.
The total mass of the Kuiper Belt
The total mass of the 31 individually estimated of the Kuiper belt is
The estimation of the total mass of the smaller or still undetected bodies of the Kuiper belt, as well as their small fragments, has obtained from the modeling fluence by of their general gravitational influence by the discrete rotating ring (R 1 , R 2 ).
The mass of the simulated part of the belt is
Thus, the final result for the total mass of the belt including large and small bodies, as well as undiscovered objects, is equal
These values of the 31 TNO masses were fixed when obtaining the estimate of the total mass. The mass of the ring was obtained with its own uncertainty. The total mass of the ring includes ring mass uncertainty and 31 TNO mass uncertainty.
To obtain a more reliable estimate of the mass of the modeling ring, in addition to the main version of the ring with dimensions R 1 = 39.4 au, R 2 = 48.7 au, the test version was considered when all the belt objects,including Pluto, were assigned to the simulated ring, and the large objects were not separately considered. In this version the total mass of the Kuiper belt has turned the same as in the main version.
Note that, unlike the Main asteroid belt, the total mass of large objects of the Kuiper belt including Pluto-Charon is about 40%, the rest falls on smaller bodies and undiscovered objects.
The error in determining the mass of the Kuiper belt, as well as residuals (O-C) have decreased with the discrete model. The uncertainty in the total mass has decreased due to using the new model of the Kuiper belt and the parameters the mass of modeling ring and the total mass of the Kuiper belt were obtained using the new model. The process of transition from the onedimensional ring model to the two-dimensional discrete ring model, as well as the deficiencies of previous models, are described in the paper. Each next model has advantages -it more adequately represents the gravitational perturbation from the ring to the planets.
The influence of TNOs on the residuals of Cassini
The aim of the work is to improve and refine the dynamic model of the Solar system to obtain exact ephemerides of the planets and more adequately take into account the influence of a large number of distant bodies concentrated behind the orbit of Neptune. The Kuiper Belt truly exists. The number of discovered TNOs currently exceeds 2000 and continues to grow. There are bodies with the diameter 100 km or bigger, some of them of objects comparable in size and mass to Pluto, as well as there are a lot of smaller objects
, not yet open, yet uncovered. The total mass according to statistical estimates is much higher the total mass of the asteroid belt.
It is necessary to include the gravitational attraction of trans-Neptunian objects (TNOs), primarily to the planets Neptune, Uranus, Saturn, the closest to Kuiper belt. Although Saturn is still far from the Kuiper belt, and most of the deviations due to Kuiper belt perturbations are absorbed by the fitting the orbital elements of Saturn, but some improvements using perturbations from the Kuiper belt are nevertheless observed. We constructed the test version EPM with the zero masses all TNO objects, including the mass of the modeled TNO ring (EPM2017t), and then improve this version to all observations. In Table 7 , there are residuals (their standard deviations) of the Cassini data for ephemeris version constructed with TNO(EPM2017), residuals for ephemeris without TNO (EPM2017t), and, for comparision, standard deviations of Cassini ranging were taken out from the ephemeris INPOP2017 by Viswanathan et al. (2017) , constructed without TNO. Moreover, there are standard deviations of VLBI Cassini obtained from the same ephemerides for right ascension. It should be noted that the total gravitational acceleration for Saturn created by the Kuiper belt is also directed toward the periphery and can be comparable or even exceed the perturbation from a hypothetical remote planet with a mass of the order of the 10 Earth masses. Comparison of the perturbing accelerations on the planets from the Kuiper belt, which has the mass found in this paper (minus the mass of Pluto taken into account in ephemerides) m = 0.0175 m ⊕ and the acceleration from the hypothetical planet with a mass of 10 m ⊕ was made. It was found that the distance at which these accelerations coincide at the maximum acceleration from the 9th planet, that is, when the planet and 9th planets are on one side of the Sun on one straight line. At a farther position of the 9th planet, which is assumed by most authors, the acceleration from the Kuiper belt exceeds the acceleration caused by the 9th planet.
Since in the aforementioned works, the total gravitational attraction of the Kuiper belt was not taken into account, we compared the perturbations exerted by the hypothetical ninth planet and the Kuiper belt. As parameters of the belt modeled by the discrete moving point masses (subsection 3.3), the values m = 0.02 m ⊕ , R 1 = 39.4 au and R 2 = 48.7 au were used. Various values of the 9th planet's distance from the Sun, R, were considered because the exact position of a hypothetical planet is not known. The results are shown in Table 8 , where the distances R are given for the hypothetical planet, when the magnitude of the acceleration to the planet from the Kuiper belt and the perturbing acceleration from the 9th planet becomes equal. However, the TNO object -the Pluto-Charon system is was included into equations of motion for integrating together with the planets in the such ephemerides as DE and INPOP. So in this case, the neglected mass of the Kuiper belt becomes less (the 3-rd column of Table 8 ), and the distance where the equality of the perturbing acceleration from the hypothetical planet and the acceleration from the Kuiper belt becomes somewhat large. Table 8 The distances R, where the equality of the perturbing acceleration from the hypothetical planet and the acceleration from the Kuiper belt, the 9-th planet mass=10 m ⊕
With the obtained estimate of the total mass of the Kuiper belt, the gravitational perturbation of the planets from it is comparable to the perturbation from the hypothetical 9th large planet at distances of the order of 550 au. At distances greater than 800 au estimating for its position in the aphelion region, the influence from the Kuiper belt to planets exceeds the influence from the 9th planet by several times. Therefore, when processing observations, it is necessary, at first, take into account the gravitational attraction from the Kuiper belt, and then investigate residual discrepancies for assessing the possible impact of the distant large planet.
Conclusion
The mass of the Kuiper Belt in the Solar System has been estimated on the basis of the new version of the ephemerides of planets and the Moon -EPM2017 using about 800,000 positional observations of planets and spacecraft . To more accurately estimate the total mass of the Kuiper belt, the transition was made to the representation of its total gravitational influence by the a discrete rotating model with radial dimensions corresponding to the width of the distribution of classical and resonant belt objects (39.4, 47.8 au) . This leads to the better representation of the observations and decreasing the error in determining the total mass of the belt. The found value of the total mass of the Kuiper belt is M belt = (1.97 ± 0.35) · 10 −2 m ⊕ .
A correct account of the total gravitational influence of numerous bodies of the Kuiper belt is necessary both for constructing a more accurate dynamic model of the solar system and high-precision ephemerides of planets. It is also useful for a more reliable search for a distant hypothetical planet.
The total perturbation from the Kuiper belt to the planets is comparable in magnitude with of the total gravitational influence of a hypothetical planet with gravitational influence of a hypothetical planet with a mass of 10 m ⊕ at distances more than 550 au. At distances greater than 800 au corresponding to the position of this planet in the aphelion region, the attraction of the belt exceeds its perturbation to planets by several times. Therefore, it is necessary to take into account, as accurately as possible, the gravitational influence of the Kuiper belt when processing observations, and only then to investigate residual discrepancies to discover the possible influence of the distant large planet.
